Regular crystalline arrays of proteinaceous subunits forming surface layers (S layers) have been commonly found in bacteria, and their morphological and chemical characteristics and assembly have been extensively studied (3, 31) . In most cases, the S layer consists of a single protein or glycoprotein subunit ranging from 40 to 200 kDa in size, and the subunits are arranged on the cell surface with repeating hexagonal, tetragonal, or linear symmetry (31) . In some microbes, such as Bacillus brevis, more than one S-layer protein has been found (1, 39) . Although the functional significance of S-layer proteins is not yet fully elucidated, the S layers are assumed to have an important role in nature, because a substantial part of the synthetic capacity of the cell is used for their production (33) . The following functions have been shown or presumed for S layers: (i) protective barrier against environmental hazards, (ii) control of the transfer of nutrients and metabolites, (iii) promoter for cell adhesion and surface recognition, and (iv) maintenance of cell shape and envelope rigidity (32) . The knowledge of the primary structure of S-layer proteins is still limited, and, thus far, genes of S-layer proteins from only a few species, including B. brevis strains (6, 35) , Halobacterium halobium (14) , Deinococcus radiodurans (23) , Caulobacter crescentus (7),Aeromonas salmonicida (4), andAcetogenium kivui (24) , have been isolated and analyzed. The degrees of amino acid sequence homology of S layers among these species vary * Corresponding author. Finland. from total unrelatedness to partial similarity (6, 24, 25) . The S-layer proteins commonly contain a large proportion of acidic, hydrophobic, and hydroxyl-containing amino acids and are low in sulfur-containing amino acids (24, 32) .
In addition to being important structural units in prokaryotes, S layers also possess substantial potential for biotechnological applications. The requirement of large numbers of S-layer subunits per cell implies highly efficient synthesis and transport. In fact, with the promoters and signal sequence of the B. brevis surface protein, efficient syntheses of several heterologous proteins have been demonstrated (40, 41) .
In Lactobacillus brevis (ATCC 8287), the S layer is composed of tetragonally arranged subunits, which are composed of a protein with a molecular weight of about 51,000 (16) . The subunits dissociate from the cell wall with guanidine hydrochloride, and they can be reassembled into a native-like array (17) .
In the present study, we have purified the L. brevis S-layer protein, amplified its gene by polymerase chain reaction (PCR), and sequenced the structural and regulatory regions of the S-layer gene. Our special emphasis was to analyze the expression and secretion signals of this protein in order to study its synthesis and regulation. 5 min and washed once with 50 mM Tris-HCl, pH 7.5. The pellet, equivalent to 1 ml of culture, was dissolved directly in 200 ,ul of Laemmli sample buffer and applied to a preparative polyacrylamide gel (10%). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed by the method of Laemmli (13) . After electrophoresis, the gel was treated with 1 M KCI to visualize protein bands. The band corresponding to the S-layer protein was excised and cut into pieces. The protein was eluted from the gel pieces in 1.5 ml of 6 M guanidine hydrochloride-0.5 M Tris-HCl-2 mM EDTA, pH 7.5, by incubating in an end-over mixer at room temperature for 10 h. The eluate was dialyzed against 10 mM Tris-HCl, pH 8.5, at +4°C for 10 h and freeze-dried.
To separate the S-layer protein for NH2-terminal amino acid sequence analysis, SDS-PAGE with a 12% separation gel and a 5% running gel was used. From the gel the protein was transferred electrophoretically onto a polyvinylidene difluoride membrane (19 (21) with mutanolysin (Sigma) and lysozyme (Sigma) at concentrations of 900 U/ml and 5 mg/ml, respectively. RNA gel electrophoresis and Northern blot were performed as described previously (21) . Hybridization probes were labelled with [a-32P]dC1rP (>3,000 Ci/mmol; Amersham) by using the protocol of the random-prime DNA labelling kit (Boehringer Mannheim). The 5' ends of the S-layer mRNAs were determined by primer extension as described previously (10) .
Electron microscopy. GRL1 cells were collected with glass rods from the MRS plates to the fixatives described below.
For immunoelectron microscopy, the cells were fixed either with 2.5% glutaraldehyde (Electron Microscopy Sciences, Washington, Pa.) in 0. (Carlsberg's System; LKB). The preimmune serum of the same rabbit was used as a control.
Both of the micrographs were taken with a JEOL 1200EX transmission electron microscope at 60 kV.
Computer analysis. The DNA and the predicted protein sequences were analyzed with the PC/GENE set of programs (Genofit). With the FASTA program (22) , the SWISSPROT, NBRF, and GenBank data bases were used for searching for homologous protein and nucleic acid sequences.
Nucleotide sequence accession number. The GenBank ac-
RESULTS
Characterization of the S-layer protein. When intact cells of L. brevis GRL1 were boiled in Laemmli sample buffer and analyzed by SDS-PAGE, only one major band, with an apparent molecular mass of 46 kDa, was detected ( Fig. 1) . To confirm that this 46-kDa protein corresponded to the S-layer protein of L. brevis, the cells were treated with the antiserum (KH1255) raised against the isolated 46-kDa protein and analyzed by immunoelectron microscopy. The KH1255 antibody detected antigens which were mainly located in the outermost part of the cell wall. Only a few gold particles were found in the inner part of the cell wall or in the cytoplasm ( Fig. 2A) . In the control cells treated with preimmune serum (Fig. 2B ), no gold particles could be seen either in the cell wall structures or in the cytoplasm. The postembedding immunoelectron microscopy clearly showed that the S-layer protein is heavily enriched in the outermost part of the cell wall of L. brevis GRL1 cells.
For sequence analysis of the 46-kDa S-layer protein, the GRL1 cells were boiled in Laemmli sample buffer. The solubilized S-layer protein was separated by SDS-PAGE, transferred to a polyvinylidene difluoride membrane, and degraded in a gas-pulsed-liquid sequencer. The N-terminal ntact S-layer protein was NH2-Lys-SerpBR322 vector linearized with EcoRI and BamHI, and 'ly-Ala-Tyr-Ser. For peptide analysis, the amplified by PCR. The S-layer gene and pBR322-specific )tein was subjected to lysylendopeptidase oligonucleotides were used as primers to generate PCR2 and resulting peptides were separated by PCR3 (Fig. 3A) covering the missing upstream and downromatography. Five peptides were chosen stream regions. Furthermore, additional PCRs with sersis ( Table 1) . Peptide 5 was found to be quence-specific primers of the S-layer gene were performed peptide of the S-layer protein without the directly from chromosomal GRL1 DNA to overlap the ne residue that was most probably re-S-layer gene region and to confirm the sizes of the previous [endopeptidase digestion.
PCR fragments (Fig. 3A) . The oligonucleotide sequences -layer gene. The S-layer gene was isolated used for generation of the essential PCR fragments are listed
;ene detected from a L. brevis gene library in Table 2 .
ied out to be unstable in Escherichia coli. Nucleotide sequence of the S-layer gene. Sequencing of the pments were generated by using oligonu-S-layer gene region was performed from the PCR fragments rresponding to the N-terminal amino acid shown in Fig. 3A by the strategy shown in Fig. 3B . Both -layer protein and its peptides ( Table 1) .
strands of the PCR fragments were sequenced by Sanger's icleotide primers mostly contained deoxydideoxy method. Altogether, sequence information was rd position of each codon. The largest gathered from a 2.3-kb DNA region of the L. brevis GRL1 J was 1.2 kb (Fig. 3A, PCR1 analyzed by SDS-PAGE (Fig. 1 ).
PCRS5
The putative ribosome binding site (Fig. 4, GGAGGA [RBS]) of the S-layer gene is located 9 bases upstream of the rRNA from Lactococcus lactis and Bacillus subtilis (15, 30) .
* Approximately 163 and 77 nucleotides upstream of the first codon, two putative promoter regions, P1 and P2, can be found (Fig. 4) refer to the mixture of the two nucleotides. b Position of the primer sequences at the S-layer region (Fig. 4) .
promoter regions of different gram-positive bacteria (8) can be found in an A-rich region upstream of the -35 region of promoter P2 and in the presence of adenosine at positions -4 and -7 of P2 and -7 of P1. By using PC/GENE programs, a putative transcription terminator sequence can be found 24 nucleotides downstream from the two stop codons of the S-layer gene (Fig. 4) . The hairpin structure is AU rich and consists of a stem of 19 bp (11 UT pairs, 5 GC pairs, and 3 unpaired U's and G's) and a loop of 6 bp (AG, -24.9 kcal/mol [1 cal = 4.184 J]). The hairpin loop is followed by an AU-rich region (Fig. 4) . Approximately 460 bp upstream of the structural gene, a typical rho-independent-type transcription terminator rich in GC pairs (AG, -15.8 kcal/mol) can also be found (sequence not shown), indicating that the S-layer gene is monocistronic.
Furthermore, in the coding region of the S-layer gene, 10 partly overlapping direct repeat sequences of 10 to 12 nucleotides can be found (Table 3) . These DNA repeats correlate at the protein level to repeating stretches of two to four amino acids rich in threonine, alanine, glycine, and serine residues ( Table 3) . The codon usage of the S-layer protein is clearly biased (Table 4 ) and resembles mostly that reported for highly expressed B. subtilis proteins (28) . The only striking difference in the codon usage of the S-layer protein from that of B. subtilis proteins is the lysine codons. The ratios of AAA to AAG codons in the L. brevis S layer and B. subtilis proteins are 3:36 and 31:3, respectively.
The amino acid composition of the S-layer protein deduced from the DNA sequence is shown in Table 5 . The typical features of the amino acid composition are the large number of hydrophobic amino acids, amino acids with hydroxyl groups, and the absence of cysteine. The amount of basic amino acids is larger than that of acidic amino acids, which is a notable exception to the general features of other characterized S-layer proteins (33) .
Analysis of mRNA of the S-layer gene. The size of the mRNA transcribed from the S-layer gene was analyzed by Northern blotting with PCR1 (Fig. 3A) as the hybridization probe. The probe detected a 1.5-kb transcript (Fig. 5A) . The size of the S-layer mRNA is in good agreement with the size of the S-layer gene, thus further confirming the DNA sequence analysis and the monocistronic nature of the S-layer operon. The primer extension mapping of the 5' ends of the S-layer mRNA revealed two 5' ends with a size difference of 86 bases (Fig. SB) . These start sites of the S-layer transcripts locate immediately downstream from the two putative promoter regions deduced from the DNA sequence (Fig. 4) , thus confirming the existence and functionality of the found promoters. The primer extension was done with total RNA isolated from exponentially growing cells. The intensities of the RNA bands from the primer extension are similar, suggesting that both promoters are used with roughly equal efficiency at this growth phase.
DISCUSSION
In this work, we have analyzed the gene encoding the S-layer protein of L. brevis. The gene was amplified by PCR as separate, overlapping pieces and as a full-length fragment. Amplification was followed by DNA sequencing. For most PCRs, Vent polymerase was used to minimize the error frequency of the in vitro synthesis (12, 18 (Fig. 4) . RemovMlt f the signal peptide results in a polypeptide of 435 amino acids with a calculated molecular mass of 45 kDa. This is in excellent agreement with the apparent molecular mass of 46 kDa by SDS-PAGE analysis of the S-layer protein released from the cell wall of GRL1 cells. Furthermore, all, five peptide sequences of the isolated S-layer protein (Table 1) , which cover 12% of the whole amino acid sequence, can be found from the deduced sequence (Fig. 4) . This further confirmed the correctness of the PCR fragments analyzed. Also, the sizes of S-layer mRNA and the transcription start sites (Fig. 5) Table 1 ). The deduced transcription terminator is shown with arrows. RBS refers to the predicted ribosome binding site. Direct repeats are marked with DR and a number and short continuous arrows.
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thus conclude that the S-layer gene has been reliably synthesized by PCR.
In accordance with some other S-layer proteins (24), a special feature of the L. brevis S-layer protein is also a high content of amino acids with hydroxyl groups (threonine, tyrosine, and serine) ( Table 5 ). This might indicate the presence of several inter-and/or intramolecular hydrogen bonds in the niolecule. This is supported by the finding that S-layer protein could be released from the cells by guanidine hydrochloride. In some S-layer proteins, the hydroxyl-containing serine and threonine are found in clusters of five to six residues (24) , whereas in the deduced sequence of the L. brevis S-layer protein, hydroxy amino acids are randomly distributed and only one cluster is present (T1TYYS at nucleotide position 1483). In our study, repeated stretches of two to four amino acids rich in threonine, alanine, glycine, serine, and tyrosine residues were found ( Table 3) . Some of them are partly overlapping, forming thus longer continuous stretches (Fig. 4) . Many of the repeats are located partly or entirely at the predicted 3-turn structures of the protein. In fact, 22 amino acids of 31 involved in the formation of the deduced ,B-turns are positioned at these repeats. The exact function of these repeats is unknown, but some of them might be involved in the formation of linkers between different domains of the polypeptide (2) . Furthermore, like other S-layer proteins, the L. brevis S-layer protein contains no cysteine residues, which is also typical for other grampositive exoproteins. In contrast to other S-layer proteins, the L. brevis S-layer protein contains an unexpectedly large amount of basic amino acid residues (lysine and arginine) ( Table 5 ). According to the Chargpro program of PC/GENE, be somewhat higher than that of other S-layer proteins, for the isoelectric point of the protein would be 9.88. A hywhich contents of around 30% have been found (24) . dropathy plot of the amino acid sequence shows no highly Protein and nucleic acid homology searches of the NBRF, hydrophobic or hydrophilic regions in the molecule. Accord-SWISSPROT, and GenBank data bases revealed no genuing to secondary structure prediction analysis (Gamier proinely related sequences. Interestingly, weak similarity was gram of PC/GENE), the S-layer protein is irregularly folded, found between the S-layer protein and the serine proteinases containing ca-helix (27.7%), turn (6.6%), random coil (9.0%), of L. lactis SK1l and Wg2 (11, 38) . The amino acids of the and extended (56.5%) structures in mixed order. An aperi-S-layer protein from 95 to 357 and from 159 to 386 showed odic structure has also been shown for other S-layer proteins 21.5 and 19.6% identities to the PIII-and PI-type proteinases by infrared spectroscopy and circular dichroism (32) . The of SK1l and Wg2, respectively. The overlapping S-layer n-structure content of the L. brevis S-layer protein seems to sequences matched to two different regions in the amino acid mology comparisons have also revealed that no or only partial sequence similarity can be found among the S layers from D. radiodurans, B. brevis, and A. kivui (6, 24, 25) .
The encompassing S layer on an average-size cell has been estimated to consist of approximately 5 x 105 protein monomers (32) . Synthesis, transport, and assembly of such a large amount of a single protein require highly efficient expression and secretion signals, synthetic capacity, and translocation machinery. The putative expression and secretion signals characterized here from L. brevis show high sequence similarity within the evolutionarily conserved regions to those of other prokaryotes, especially of grampositive organisms. A distinctive feature of the L. brevis S-layer operon is the presence of two functional RNA polymerase binding sites, P1 and P2 (Fig. 4 and 5) . A similar multiple and tandem promoter region has been found, among the S-layer operons, so far only from B. brevis strains (1, 6, 40) . In B. brevis 47, there are several promoters upstream of the cwp (cell wall protein gene) operon, of which the promoters P2 and P3 play the most important role (1). P2 is a constitutive promoter, whereas P3 is used only at the exponential growth phase (1). In L. brevis, both promoters are used, at least during the exponential phase of growth, with similar efficiency (Fig. SB) . Whether there is selective use of these promoters at other growth phases remains to be seen. Inspection of secretion signals revealed that in L. brevis, the S-layer protein is transported on the cell surface by the aid of the putative 30-amino-acid signal peptide (Fig.  4) . This is the first signal peptide described for Lactobacillus species in the literature. The S-layer protein is not released from the cell surface to culture medium (Fig. 1) , indicating that its synthesis and transport are tightly regulated. In some other microbes, the transport and assembly of S layer are not efficiently coordinated, resulting in a partial loss of the protein to the surrounding medium (32, 33) . The regulatory mechanisms involved in the biosynthesis, transport, and assembly of this S-layer proteins will be further elucidated.
